Mycoplasma genomes exhibit an impressively low amount of genes involved in cell 25 division and some species even lack the ftsZ gene, which is found widespread in the 26 microbial world and is considered essential for cell division by binary fission. We 27 constructed a Mycoplasma genitalium ftsZ null mutant by gene replacement to 28 investigate the role of this gene and the presence of alternative cell division mechanisms 29 in this minimal bacterium. Our results demonstrate that ftsZ is non-essential for cell 30 growth and reveal that, in the absence of the FtsZ protein, M. genitalium can manage 31 feasible cell divisions and cytokinesis using the force generated by its motile machinery. 32
This is an alternative mechanism, completely independent of the FtsZ protein, to 33 perform cell division by binary fission in a microorganism. We also propose that the 34 mycoplasma cytoskeleton, a complex network of proteins involved in many aspects of 35 the biology of these microorganisms, may have taken over the function of many genes 36 involved in cell division, allowing their loss in the regressive evolution of the 37 streamlined mycoplasma genomes. 38 Mycoplasma genitalium is considered the etiological agent of non-gonococcal and non-50 chlamydial urethritis (Jensen, 2004) . The most relevant structure in the M. genitalium 51 cytoplasm is a cytoskeleton organized around a rod shaped electrondense core (Hatchel 52 and Balish, 2008; Pich et al., 2008 ) that defines a distinctive tip structure known as 53 terminal organelle. The majority of cytoskeletal proteins present in the terminal 54 organelle have been primarily identified as cytadhesins or cytadherence-associated 55 proteins (Burgos et al., 2006; Burgos et al., 2007; Pich et al., 2008) . However, a variety 56 of proteins involved in energy metabolism (dihydrofolate reductase, DHFR), 57 translation/transcription (Elongation factor Tu), heat shock (DnaK), and cell division 58 (FtsZ) were also identified as cytoskeletal proteins in the closely related species 59
Mycoplasma pneumoniae (Regula et al., 2001) . The terminal organelle is essential for 60 cytadherence and further parasitism of host target cells (Burgos et al., 2006; Mernaugh 61 et al., 1993) and has a key role in the guidance of the mycoplasma movement (Burgos 62 et al., 2008) . Compelling evidence also support that the terminal organelle is (or 63 F o r P e e r R e v i e w contains) the molecular motor for gliding motility in M. pneumoniae (Hasselbring and 64 Krause, 2007) . 65 66 Untreated M. genitalium infections can persist for a long time (Cohen et al., 2007 ; 67 Hjorth et al., 2006) . Among the mechanisms allowing for such persistence, there are 68 highly sophisticated systems to evade the host immune response. The most obvious one 69 is probably the intracellular residence of this microorganism, but mechanisms to 70 generate antigenic variation can also be found. It is well known that variability occurs in 71 the P140 and P110 main adhesins, which are essential for the terminal organelle 72 development (Burgos et al., 2006) . These adhesins are encoded, respectively, by ORFs 73 mg191 and mg192 (also referred to as mgpB and mgpC), located inside the MgPa 74 operon. Several non-coding sequences reminiscent of mg191 and mg192 also exist, 75 scattered along the M. genitalium genome, and they are known as MgPa repeats or 76
MgPa islands (Fraser et al., 1995; Peterson et al., 1995) . Prominent in a densely packed 77 genome of only 580 kb, these repetitive sequences provide a nearly unlimited source of 78 antigenic variation by recombining amongst themselves and with the coding sequences 79 in the MgPa operon (Iverson-Cabral et al., 2007; Ma et al., 2007) . MgPa islands also 80 endow a phase variation mechanism which can switch ON-OFF, in a reversible or 81 irreversible way, the expression of P110 and P140 adhesins (Burgos et al., 2006) . These 82 phase variants are also generated by recombination and they lose the terminal organelle, 83 in consequence being unable to adhere to host cells or other surfaces. 84
85
It is currently thought that mycoplasmas evolved from bacteria of the Firmicutes taxon 86 by regressive evolution (Weisburg et al., 1989 can still manage a feasible cell division and cytokinesis using the force generated by the 116 gliding motility apparatus. To our knowledge, this is the first report depicting 117 alternative mechanisms to perform cell division by binary fission in a microorganism 118 that already contains the ftsZ gene. 119
120

RESULTS 121
Obtaining a M. genitalium ftsZ null mutant 122 M. genitalium ftsZ (ORF mg224) was deleted by gene replacement. The p∆ftsZTet 123 suicide plasmid was designed to contain the tetM438 selectable marker enclosed by the 124 flanking regions of the mg224 ORF (Fig. 1A) . After transforming M. genitalium wild-125 type (WT) G37 strain with plasmid p∆ftsZTet, recombinant clones were analyzed by 126
Southern blot (Fig. 1B) . Two of ten clones showed the intended replacement as a result 127 of a double-crossover recombination event between p∆ftsZTet and the mycoplasma 128 genome, resulting in the complete deletion of the mg224 ORF (Fig. 1A) However, long cell extensions were frequently observed in the pole opposite to the 162 terminal organelle of ∆ftsZ cells (Fig. 3A) . 163 Because no significant changes were observed in the cytoskeleton of the mutant cells, 165 no changes were expected in the gliding motility properties of ∆ftsZ cells. However, 166 gliding motility was assessed by examining colony morphology in culture dishes 167 covered with semisolid medium. Under these conditions, colonies from cells with 168 gliding motility defects are compact and do not exhibit the microsatellite colonies that 169 are typically developed from gliding proficient cells (Pich et al., 2006a) . Surprisingly, 170
colonies from ∆ftsZ cells were more compact and with fewer satellite microcolonies 171 than those from WT cells (Fig. 3B) , suggesting that deletion of ftsZ interferes in some 172 way with the gliding motion. Gliding motility was also monitored by 173 microcinematography. The speed and movement patterns of ∆ftsZ cells were essentially 174 the same shown by WT cells, although it was noticeable that 39% of ∆ftsZ cells vs. 10% 175 of WT cells remained non-motile during the observation period (Table 1) . Interestingly, 176 in the microcinematographies most non-motile ∆ftsZ cells were found very close to 177
another non-motile cell, and sometimes both cells seemed to be linked by a thin 178 filament (Fig. 3C) . Thus, the high ratio of non-motile ∆ftsZ cells is consistent with the 179 more compact phenotype of the colonies of this strain. However, the normal velocity 180 and movement patterns exhibited by motile ∆ftsZ cells suggest that the FtsZ protein is 181 not directly involved in the gliding mechanics of mycoplasma. 182
183
Analysis of dividing ∆ftsZ cells 184
To investigate the origin of non-motile cells detected in the ∆ftsZ strain, the mutant 185 strain was analyzed by scanning electron microscopy (SEM). The images confirmed the 186 presence of a large number of coupled cells linked by a thin filament ( Fig. 4A and B ) 187 that were also observed in pictures from the cinematographies. Noteworthy, these 188 Because only two ∆ftsZ mutants were isolated by gene replacement, a complementation 243 assay of the ∆ftsZ strain was performed to exclude the presence of additional genetic 244 defects in this strain. The WT ftsZ allele under the control of the mg438 constitutive 245 promoter (Burgos et al., 2007) was reintroduced by transposition to ∆ftsZ cells by using 246 plasmid pTnGftsZ (Table S2 ). After transforming with this plasmid, 58% of the 247 recovered colonies exhibited normal growth, with the presence of a large number of 248 microsatellites (Fig S1) , suggesting that the WT ftsZ allele in ∆ftsZ cells was able to 249 restore the normal gliding phenotype. Four colonies were picked, filtered-cloned and the 250 corresponding cultures were analyzed by Southern blot to exclude the presence of 251 multiple transposon insertions (data not shown). Microcinematographies from cells of 252 two of these colonies confirmed that gliding motility parameters were restored to 253 normal levels (Fig. S1 ). In the same way, SEM analyses demonstrated that frequencies 254 of different morphologies were restored to values very close to those shown by WT 255 cells (Fig. 4A) . Finally, one of these transformants was submitted to successive 256 passages and HA -phase variants were recovered again, with a very similar frequency to 257 that observed in the WT strain (Fig. S1 ). Together, these data indicate that the presence 258 of the WT ftsZ allele is able to restore the normal growth parameters in ∆ftsZ cells, and 259 exclude that genetic defects other than the absence of ftsZ are involved in the phenotype 260 exhibited by the ∆ftsZ strain. 261 
EXPERIMENTAL PROCEDURES 377
Bacterial strains and growth conditions. Escherichia coli strain XL-1 Blue was 378 grown at 37 ºC in 2YT broth or LB agar plates containing 75 µg ml -1 ampicillin, 379 40 µg ml -1 X-Gal and 24 µg ml vector was used to transform the ∆ftsZ strain as described below. electroporation using 30 µg of DNA as previously described (Pich et al., 2006b) . 414 415 Southern blotting and PCR assays. Genomic DNA of p∆ftsZTet transformants were 416 digested with KpnI enzyme and hybridized as previously described (Pich et al., 2006b ) 417 using probe S1, which was a 1-kb fragment obtained by digesting p∆ftsZTet with 418
PstI/EcoRI restriction enzymes (Fig. 1A) . Genomic DNAs of ∆ftsZ and WT were 419 digested with EcoRV and hybridized using probe S2, which was a 1.1-kb fragment 420 encomprissing ftsZ amplified by PCR using 5'ftsZ and 3'ftsZ primers (Fig. 1A and 421 Table S1 ). The ∆ftsZ mutants were also checked by PCR. The positive control was 422 performed by amplifying a 1-kb PCR fragment encompassing the upstream 423 region of mg224 by using primers 5'BE∆ftsZ and 3'BE∆ftsZ (Table S1 ) and WT or 424 ∆ftsZ genomic DNAs as a template. To check the presence of ∆ftsZ mutants, a 1.1-kb 425 fragment of ftsZ was amplified using 5'ftsZ and 3'ftsZ primers (Table S1 ) and genomic 426 DNA of WT or ∆ftsZ as a template (Fig. 1C) . Genomic DNAs of four TnGftsZ mutants 427 were digested with EcoRV and hybridized using a probe of the gentamicin gene (data 428 not shown). PCR products were sequenced to confirm the identity of the amplified 429 fragments (data not shown). 430 431 RNA manipulations. Total RNA from 20 ml of mid-log phase cultures of M. 432 genitalium G-37 and ∆ftsZTet mutants was extracted by using the RNAaqueous kit 433 (Ambion). For RT-PCR assays, total RNA was treated with DNase I (New England 434 Biolabs), and retrotranscribed using the SuperScript first-strand synthesis system kit 435 (Millipore) and 300 µl samples of serial dilutions were spread on SP-4 plates, which 499 were incubated 8 days at 37 °C. Plates showing 400-500 colonies (about 1,500 colonies 500 per passage) were tested for haemadsorption as described above. 501
502
Quantitative PCR. The quantitative assay to detect the presence of recombinant 503 chromosomes bearing deletions in the MgPa operon was performed using the 504
LightCycler-FastStart DNA Master SYBR Green I (Roche) and the LightCycler.2 505 instrument (Roche). WT and ∆ftsZ genomic DNAs were used for two single-step PCR 506 reactions using the R3-5' and R5-3' primers (Table S1 ) and primers mg281-5' and 507 mg281-3'. R3-5' and R5-3' primers can detect the presence of a 558-bp DNA fragment 508 (R3) resulting from the recombination between the MgPa operon and MgPa island VI 509 (Fig. 5D ) both in WT and ∆ftsZ genomes. Primers mg281-5' and mg281-3' amplify a 510 
MTnTetM438
Plasmid used to obtain the tetracycline resistance gene (Pich et al., 2006b ).
p∆ftsZTet Plasmid used to obtain the ∆ftsZ mutant.
pMTnGm Plasmid used to obtain pMTnGftsZ (Pich et al., 2006b (Table S1 ). Additional restriction sites used for cloning: PstI (P), EcoRI 555 (E1), ClaI (C) and BamHI (B). and TnGftsZ) colonies in the haemadsorption assay were found to be evenly covered 653 with erythrocytes (Fig. 5A) . 654 655 
